To develop a nondestructive remote sensing method using an operational, field-deployable polarimetric imaging system for recovering the two-dimensional time-varying slope field of short gravity waves at video frame rates.
LONG-TERM GOALS
To develop a nondestructive remote sensing method using an operational, field-deployable polarimetric imaging system for recovering the two-dimensional time-varying slope field of short gravity waves at video frame rates.
OBJECTIVES
The objective of this study is to test the validity of the Polarimetric Slope Sensing (PSS) concept and evaluate the effectiveness of using a proprietary commercial polarimetric imaging system from the Equinox Corporation in its ability to measure surface roughness characteristics for use in air-sea interaction studies.
APPROACH
Our research team, Christpher Zappa (Lamont-Doherty Earth Observatory), Michael Banner (LamontDoherty Earth Observatory and University of New South Wales) and Howard Schultz (University of Massachusetts, Amherst), conducted a proof-of-concept study to assess the effectiveness of a new passive optical technique based on polarimetry. Conventional optical remote sensing techniques rely on light amplitude and frequency to carry information about the scattering surface. The polarimetric method exploits these properties, as well as the polarization properties of light to sense information about the scattering media. When the polarimetric properties of light are included, the increased information about the scattering media is striking.
Nondestructive remote sensing methods for measuring the dynamics of ocean surface waves are critical to many important oceanographic and fluid mechanics research topics. Understanding how energy is transferred from the atmosphere to the ocean, the growth and decay of waves, and gas exchange are a few examples of research topics that depend on a good knowledge of the ocean surface dynamics. Investigators have often built instruments that exploit the scattering properties of light to sense the air-sea interface. Some examples of light sensing devices include stereo photography, sun glint photography, specular surface stereo, laser slope gauges, laser profiling, and color table slope gauges. The problem with these methods has been extracting sufficient information from passive measurements and constructing a nondestructive instrument for active devices. The Polarimetric Slope Sensing (PSS) concept exploits the scattering properties of light from the airwater boundary to recover the instantaneous two-dimensional slope field of a water surface. In principle, the polarization vector properties [polarization orientation and degree of linear polarization] of the sea surface reflection of incident skylight provide sufficient information to determine the local surface slope vector normal [Φ, Ψ] relative to the camera orientation. This is illustrated schematically in Figure 1 . The polarimetric camera layout is shown schematically in Figure 2 . Critical elements are extremely close co-registration of the three polarized images via a beam splitter prism, high spatial resolution, high (12 bit) dynamic range and fast integration times.
WORK COMPLETED
The goal of this experiment is to test the validity of the Polarimetric Slope Sensing concept. We contracted with Equinox Corporation (http://www.equinoxsensors.com/) to supply a three component polarimetric camera and provide an initial analysis of the data. C. Zappa, H. Schultz and M. Banner worked closely with Dr. Larry Wolff, CEO of Equinox Corporation to evaluate the quantitative capability of their polarimetric camera to deliver reliable surface slope field data. Wolf supplied the camera, technician and primary data processing. This instrument has the potential to be able to measure surface slope fields down to capillary wave scales, at a data rate of O(15 frames/sec). The Polarimetric experiment with the Equinox camera has two parts --a laboratory wave tank experiment and a field experiment.
The initial phase is a controlled laboratory wave tank experiment at Lamont-Doherty Earth Observatory where paddle generated waves of known (measured) slope will be imaged. The extracted field of surface normals was compared with the known surface slope field. The robustness of the technique for different viewing geometries and different wave slopes was investigated. We also conducted a trial with short wind-generated waves, to investigate the effects of capillary waves and slope discontinuities associated with microscale breakers. Lighting issues were addressed using an array of diffused, high-intensity lamps that provided the optimal artificial lighting arrangement. The laboratory data collection was completed in June 2006 at Lamont-Doherty Earth Observatory of Columbia University and we report on those results, which are summarized below. For the laboratory experiment we set up a 1m × 1m × 0.3m (deep) wave tank, a simple 1-D wave generator, a wave gauge, and a bank of unpolarized lights (see Figure 3) . A video of the setup (MVI_0018.AVI) can be downloaded from http://www.ldeo.columbia.edu/~felixt/polarization/. The purpose of the laboratory experiment was to provide ideal conditions for testing the polarimetric slope sensing concept, including:
• Unpolarized source radiance eliminated the need for a Sky Camera.
• Generating 1-D sinusoidal waves simplified the comparison between the wave probe and polarimetric results.
• Generated slow gravity wave (frequency ~5 Hz, phase speed: ~0.3m/sec) to minimize blurring.
Since the results of the laboratory phase delivered robust, reliable slope field data, we began a field test from the Piermont pier in the Hudson River, near Lamont Doherty Earth Observatory on August 30, 2006. This phase of the evaluation allowed us to become more familiar with additional challenges associated with natural lighting -sky radiance polarization variations, upwelling radiance, and sun glint amongst others. We operated this field phase in cloudy conditions, to minimize these effects.
RESULTS
Results of polarimetric imaging of a clear plastic solid wave model shown in Figure 4 below provided the colour encoded images of the variation of polarization orientation and the degree of linear polarization over the surface. This exploratory test was done using the camera and processing expertise at Equinox Corp., NY. [www.equinoxsensors.com; 3CCD Multispectral/Polarimetric Camera]. This demonstrated the potential feasibility of using this approach to measure the topographic details of the sea surface down to capillary wave scales. In the actual application, there are a number of related issues that need to be addressed that are identified below and are a key part of this evaluation study. A technical evaluation of the existing Equinox polarization camera requires a comparison of the surface wave field as determined by the polarimetric data with that from a robust in-situ wave gauge. Several movies of the experimental runs are available to be downloaded from our website: http://www.ldeo.columbia.edu/~felixt/polarization/. The movies that begin with "exp" show animations of the recovered water surface topographies. The in-situ wave measurement results from the laboratory study are summarized in Table 1 , and the wave measurements using the polarimetric camera are summarized in Table 2 . Sample frames from experiments 1, 5 and 7 are shown in Figure 5 . The elevations were found by computing the instantaneous surface slopes from the polarimetric data, and subsequently integrating once to estimate the elevations. Because the constant of integration cannot be determined without at least one independent range estimate, the elevation at the lower-left corner is set to 0. The slopes computed from the polarimetric data were compared to the wave height measured by the wave probe by assuming a sinusoidal wave profile. For experiment 1, the wavelength error is 3.5% and the waveheight error is 1.2%. For experiment 2 the wavelength error is 6.4% and the waveheight error is 6.9%. These numbers are impressive when you consider that the wave probe is merely a point measurement while the polarimetric camera provides a map of the surface topography. Furthermore, experiment 2 is not approximated very well by a sine wave that lead to the observed larger errors. This feasibility study has clearly demonstrated the validity of the Polarimetric Slope Sensing concept. We demonstrated that the two-dimensional slope field of short gravity wave was recovered from a distance without interfering with the fluid dynamics of the air or water. The recovered water surface shapes seem remarkable realistic, and we are looking forward to a detailed analysis of the polarimetric light sensing methodology. Although the analysis is ongoing, we were able to draw several conclusions about the instrument requirements for future studies:
A. The Water Camera must have an integration time fast enough to freeze the motion of short gravity wave riding on ocean swell.
B. The Water Camera must have a frame rate fast enough to capture the temporal structure of short gravity waves riding on ocean swell.
C. The cameras must have a dynamic range capable of imaging in non-uniformly illuminated sky conditions. D. Two polarimetric cameras are required; one that measures the incoming sky radiance, the other measures the reflected (or refracted) radiance. Using two cameras, an up-looking wide field-of-view camera that measures the polarimetric properties of the sky radiance, and a downlooking narrow field-of-view camera that measures the polarimetric properties of the reflected sky radiance it is possible to recover the 2-D surface slope of the water surface at every surface facet within the field-of-view of the camera viewing the water surface.
E. The polarimetric cameras must measure the complete four-component Stokes vector. In realistic field conditions, sky radiance is often partially polarized. Furthermore, reflection of linear polarized sky light adds a small, but measurable circular polarized component [1] [2].
IMPACT/APPLICATIONS
The PSS concept here will allow the research team to pursue the application of an operational, fielddeployable polarimetric imaging system for recovering the two-dimensional time-varying slope field of short gravity waves at video frame rates. We anticipate submitting a DURIP for such a system that will spark a new class of instrumentation that will benefit a wide variety of oceanography and fluid mechanics research and educational programs.
Our vision is to develop optical polarimetry as a primary tool for measuring the small-scale sea surface features responsible for the optical distortion processes associated with the air-sea interface. Within our innovative complementary data gathering/analysis/modeling effort, we will have a leading edge capability to provide both spectral and phase-resolved perspectives. These will contribute directly towards our effort within the RaDyO DRI to refine the representation of surface wave distortion in present air-sea interfacial optical transmission models.
RELATED PROJECTS
The results here and the potential to contribute PSS directly towards our effort within the ONR RaDyO DRI scheduled for FY07-10 will provide a much-needed refinement in the representation of surface wave distortion in present air-sea interfacial optical transmission models.
